ABSTRACT An integrated control system developed for improving the vehicle handling and stability under critical lateral motions that includes electric-stability-controller (ESC) and rear-wheel-active-steering (RAS) systems and coordinates the ESC and RAS controllers based on the β-β phase plane method is discussed in this paper. The ESC includes a fuzzy logical controller that calculates the yaw moment and an additional rear wheel steering angle based on the vehicle steering states. The RAS control system consists of two parts: a feedback controller and a feed-forward controller. When the vehicle in the normal driving situations, the RAS system provides enhanced handling performance. If the vehicle reaches its handling limits, then both ESC and RAS are integrated to ensure vehicle stability. The simulation results demonstrated that the proposed integrated controller system not only can resist external interference and reduce driver fatigue but also improves both vehicle stability and handling.
I. INTRODUCTION
In recent years, with improvements in the electric motor and motor controller technology, many possibilities of power train configurations have been proposed [1] , [2] . In particular, the distributed electric vehicle has emerged [3] .
The greatest distinction between a distributed electric vehicle and a traditional internal combustion engine vehicle is the driving motors are mounted into the wheels, thereby enabling independent control of the motors [4] .
An in-wheel motor can be used not only as a driving motor but also as a braking power source, thereby eliminating the need for the traditional complex hydraulic brake system. Electric vehicles with in-wheel motors have many fascinating advantages and provide a new solution for automotive active safety control technology [5] , [6] .
To date, many automotive active safety technologies have been applied in automobiles, e.g., ESP [7] - [9] , 4 WS [8] , [9] , AFS [7] , [9] , and ARS [10] - [12] .
Along with the development of active steering control technology [7] , [8] , an increasing number of vehicles are equipped with a rear wheel active steering system (ARS), such as the BMW 7 Series; the ARS can improve the handling stability, while the tire is in the linearity region [9] , [10] .
The AS (active steer system) control system alters the tire lateral force to control the side slip angle during a steering maneuver, enabling the side slip angle to be nearly zero. Under the nonlinear condition of the tires, AS cannot maintain the driving stability of the vehicle [13] . Because the tire longitudinal force margin is greater than the tire lateral force, once the tire lateral force is saturated, the ability of AS is reduced drastically, and the vehicle may lose its stability [14] . To allow the vehicle to return from the unstable state to the steady state, the ESC, as an active safety technology, is increasingly applied widely in modern vehicles; the ESC achieves yaw moment of the vehicle through differential braking or driving to maintain the stability. However, the frequent intervention of ESC will not only reduce the vehicle speed but also make the driver feel uncomfortable [1] . Therefore, ESC is more suitable for use in nonlinear and extreme conditions.
In summary, a single vehicle dynamics controller cannot balance the driving safety with the handling stability of the vehicles.
However, many researchers have focused on the integration between the active steering system and the braking system [7] , [8] , [11] , [14] , and [15] . In reference [14] , an integrated AFS and DYC system was proposed to improve the vehicle stability and handling under various working conditions. The β-β phase plane was used to determine the stable/unstable region of the vehicle in [8] , [9] , and [14] . Moreover, activating either AFS, DYC, or both controllers can improve driving safety and handling stability of the vehicle. According to reference [15] , the 4 WIS and 4 WID systems can be effectively coordinated to improve the driving safety and handling stability of the vehicle, depending on the relationship of the critical value between yaw rate and vehicle velocity. However, many tests are required to determine the threshold value of the yaw rate and velocity.
A switched model predictive controller [16] and a nonlinear model predictive controller [17] , [18] were proposed to coordinate AFS and DYC. An integrated robust modelmatching controller was designed using an H∞ technique based on linear matrix inequalities [19] . The proposed controller integrates ARS, longitudinal force compensation and active yaw moment controls. Moreover, in references [20] and [21] , a gain-scheduled LPV controller or a control algorithm based on linear parameter-varying (LPV) formulation was used to design the integrated control to coordinate AS and DYC.
However, in the above references, the parameters of the β-β phase plane do not take the vehicle parameters into account. The effects of individual differences in different control objects are ignored. Although the AFS system can assist inexperienced and nonprofessional drivers, it will lead to intrusiveness in the driver's action [22] . In particular, the corrective steer angle of front wheels by AFS can influence the direction of the vehicle driving.
Thus, the goals of the integrated control system are as follows: (1) to improve the maneuverability and driving stability of the vehicle under various working conditions; (2) to reduce the frequent intervention of ESC and maintain maximum control of the vehicle driving direction for driver. To achieve these goals, this paper presents a proposed integrated control system that includes RAS (represents ''rear wheels active steering'', which different from the ''ARS'' in previous, because the distributed electric vehicle has the function of rear wheels active steering) and ESC controllers. The RAS controller acts as the active steer controller based on LQR theory, and the ESC controller acts as the stability controller, depending on the fuzzy logical response. To take full advantage of these controllers, first, vehicle parameters, side slip angle, vehicle speed and the surface adhesion coefficient of the road-tire are considered to determine the parameters of the β-β phase plane. Next, this paper attempts to divide the vehicle stable and unstable region based on the β-β phase law. Finally, the RAS or both RAS and ESC are activated to control the driving safety and handling stability of the vehicle.
The structure of this paper is as follows: In section II, an 8 degree-of-freedom (DOF) vehicle model, including a GIM tire model and a driver model, used in simulation is introduced. In section III, the RAS and ESC controllers are established, and the integrated control strategy of RAS and 
II. SYSTEM MODELING FOR SIMULATION A. VEHICLE DYNAMICS MODEL
In this paper, the control object is a distributed driving electric vehicle, and the four wheels have the ability to perform driving, braking, and steering independently. To study the dynamic characteristics of the distributed electric vehicle and establish the simulation experiments, the 8 degree-offreedom vehicle dynamics model with the GIM tire model are established, referencing the methods in [13] and [15] , and [13] and [23] .
B. DRIVER MODEL
To simulate the behavior of the driver and the driver's characteristics and to perform the closed-loop test, this paper establishes the optimal preview curvature of the driver model [24] , [25] .
The desired model FWS (front-wheels-steer) angle is calculated by the proposed driver model.
III. DESIGN OF THE RAS AND ESC CONTROLLERS A. DESIGN OF THE RAS CONTROLLER
As previous discussed, it is well-known that AS (active steer system) has a distinct advantage in the aspects of improving vehicle handling stability.
Generally, the active steering system controller is designed based on the feedback information, including vehicle dynamic parameters, such as the front wheels steering angle, vehicle speed, lateral acceleration, and yaw rate. With the feedback control, the system can effectively reduce the impact of external interference.
In general, the front wheel steering angle is controlled by the driver directly; it is also the primary factor to affect the direction of the driving vehicle. Because the AFS system will lead to intrusiveness in the driver's action [22] , to maintain maximum control of the vehicle driving direction for driver, this paper proposes the RAS (rear-wheel active steering) controller [10] , [26] to assist the driver to handle the vehicle. The feedback controller is designed based on the optimal control theory of quadratic performance index, minimizing the tracking errors between the outputs of the actual vehicle model and that of the linear reference model [27] .
The linear two-degree-of-freedom vehicle model does not consider the nonlinear characteristics of the tire, nor does it account for the tire side slip characteristics. The linear two-degree-of-freedom vehicle model only considers the vehicle lateral and transverse motion in accord with the Newton's laws of motion.
where m is the total mass of the vehicle; a and b are the distances from the center of mass to the front and rear axles, respectively; Iz is the vehicle's moment of inertia; k1 and k2 are the front and rear axle cornering stiffness values, respectively; β is the side slip angle of the vehicle; δf and δr represent the vehicle front and rear steer wheels angle, respectively; Vx and Vy are the vehicle longitudinal speed and lateral speed, respectively. The two degree-of-freedom model is transformed into the equation of state:
The desired model of the vehicle is as follows:
where e(β) and e(wr)denote the side slip angle error and the yaw rate error, respectively; K is the vehicle stability factor, which is the key parameter of the vehicle's stable response character; Gβd is the ideal model, and the transfer function of any front wheel steer is 0; Gwrd is the steady-state yaw rate gain of front wheel steering vehicle; βd is the ideal side slip angle; Wrd is the ideal yaw rate. Solving the optimal rear wheels steering angle U * (t) involves minimizing the performance index J: where Q and R are the weighting matrices of the LQR controller. Q is a semi-definite matrix, and R is a positive definite matrix. The control variables q β , q w r and r r represent the degree of emphasis on the side slip angle β, yaw rate Wr and the rear wheel steering angle δr, respectively. The Hamiltonian function is constructed, and P is the solution of the Riccati equation as follows:
The solution is given as the final optimal control solution: The state feedback gain matrix is
Feed-forward gain matrix of front wheel is
B. DESIGN OF THE ESC CONTROLLER
In the previous section, the RAS control system was proposed for improving the handling stability of the vehicle by changing the rear wheels steering angle. When the tire is in a non-linear state or the tire force tends to saturate, it is difficult to maintain the stable state by controlling the tire lateral force [9] . Therefore, when the tire is in a non-linear state, the longitudinal force of the tire should be controlled to keep the vehicle in a stable state [9] . The significance of maintaining the stability of the vehicle is no longer to maintain good handling performance but to maintain the response of yaw rate in a reasonable range such that the side slip angle does not exceed the limit.
Under the extreme conditions, controlling the tire longitudinal force can result in correcting the body posture of the vehicle [9] , [16] - [18] .
According to the authors' previous study results in [13] , the ESC controller is designed based on fuzzy logical theory.
Take the deviations between the yaw rate and side slip angle and their own actual values as the inputs of fuzzy controller and the additional yaw moment and the rear wheel angle as the outputs.
Inputs: e(β) = β-βd, e(Wr) = Wr-Wrd; Outputs: M, δr; {e(β), e(Wr)} = {NB,NM,NS,ZE,PS,PM,PB}; {M, δr } = {NB,NM, NS,ZE,PS,PM,PB}; The universe of all variables in the fuzzy controller is set to [−6, 6] , according to the actual value, to set Ke(β) = 71, Ke(wr) = 51.5, KM = 1200, K δr = 0.0165. The fuzzy rules of the fuzzy controller are shown in Table 1 .
From the previous research results of Reference [13] , the membership function of the ESC fuzzy controller is optimized by genetic algorithm; the results are shown as follows:
Compared to controlling a single wheel braking force, adjusting the braking force of the unilateral wheels can maintain a larger longitudinal force margin of the braking wheels. To a certain extent, it is possible to avoid the single wheel tire force saturation. The principle of determining the braking of the wheels is shown in Table 2 :
Attach the additional yawing moment from the ESC output to the same side in the form of distribution of braking torque on wheels according to the front and rear load rates on the same side.
For example, when braking the left-side wheels,
· r (14)
Similarly, the braking force distribution of the right-side wheels can be obtained. Tbfl and Tbrl are the front and rear wheel braking torque of the left-side wheel, respectively; Tf and Tr are the wheel distances of the front and rear axles, respectively; and r is the rolling radius of the wheel.
C. INTEGRATED CONTROL STRATEGY OF RAS AND ESC
The RAS system has some advantages in improving the maneuverability of the vehicle, but it has little or no effect on when the lateral tire force is close to the saturation point [15] .
ESC has a prominent role in vehicle stability control under extreme operating conditions, but ESC would reduce the vehicle speed. Usually, the driver does not want the ESC system to intervene frequently; thus, the ESC can only play a role in dangerous conditions. VOLUME 6, 2018 As a result, a single chassis control technology cannot meet all the requirements of the vehicle driving in complex and variable conditions. It is necessary to coordinate RAS with ESC and take full advantage of each system. However, because of the existence of dynamic coupling potential conflict between the control targets, the combination of the control systems cannot be completed simply, i.e., a coordinated control method is required.
The phase plane method is one of the common strategies for the analysis of a nonlinear system and the determination of a stable region.
The two types of the vehicle phase plane are the Wr − β phase plane stable region and the β-β phase plane stable region [28] . A related study [2] , [28] indicated that the second method is superior to the first; in the strictest sense, side slip angle against yaw rate is not a phase plane plot and therefore physical interpretation of vehicle behavior is difficult. However, the β-β phase plane can reflect the stability of the vehicle more accurately [28] .
Thus, this article refers to the method of determining the β −β phase plane stable region described in [29] and [30] . The β −β phase plane can be affected by velocity of the vehicle and the adhesion coefficient between tire and road surface.
List the state equation of the side slip angle, vehicle speed and the surface adhesion coefficient of the road-tire. Finally, draw the β phase plane expression of the vehicle and use it to judge the vehicle stability state. The parameters of β phase plane expression is B1 = 0.042 and B2 = 0.167. The concrete expression is as follows:
Next, the vehicle β phase plane was divided into ''Stability Region'', ''Instability Region'' and ''Critical Region'', as shown in Fig. 3 .
According to the previous discussion, RAS and ESC are different in control mechanism. The ESC is activated to play a role when the vehicle state is lost in the ''Instability Region''; specifically, the β phase plane trajectory curve crosses the outer boundary of the "Critical Region" because the vehicle stability directly depends on the sideslip angle, and the control objective transforms from ascending handling to improve driving stability. ESC provides the extra corrective yaw moment to move the vehicle states back to the stable region through activating the differential braking system, adding an angle to rear wheels to control the side slip angle moreover.
In the ''Stability Region'' of the vehicle β-β phase plane, improvement of vehicle handling is the main control aim. The RAS system generates the corrective yaw moment to force the yaw rate to follow its desired value through adding a corrective angle to the rear wheels and mining the vehicle sideslip angle by controlling the lateral tire force.
Note that when the vehicle is in the "Critical Region" state, the control objective transforms from ascending handling to improve driving stability. Once the tire lateral force is saturated, the vehicle status will exceed the Critical Region boundary. Because the RAS is no longer able to control the sideslip motion, the ESC is required to control the stability of the vehicle.
To avoid the impact caused by the change of the rear wheel steer angle form δr-RAS to δr-ESC, when the vehicle lost in the ''Critical Region'', the integrated control system sets the corrective rear wheels angle as δr = (5-5Xregion)•δr-RAS to smooth transition, as shown in Table 3 [7] .
According to the different areas of the Xregion, the corresponding control strategy is activated to control the vehicle according to the state of vehicle steering. The specific distribution method is shown in the following table:
The diagram of the integrated control system is shown in Fig. 4 .
IV. SIMULATION TEST AND ANALYSIS

A. OPEN-LOOP TEST
To analyze the effectiveness of the proposed integrated control system under the open-loop experiment, the initial vehicle speed is set at 80 km/h (approximately 22.22 m/s), and the tire-road adhesion coefficient is set to 0.8 [31] , [32] . To cause vehicle instability to occur, the sine angle of steering wheel takes a gradual increase in the input, as shown in Fig. 5 (a) . In addition, adding FWS and RAS as a comparison, Fig. 5 shows the results of open-loop experiment under the control of the FWS system, RAS control system and the integrated control system.
As shown in Figs. 5(a), (b), and (c), the integrated control system and RAS control system can track the yaw rate well during the simulation time of 0∼6 seconds. With the increase of the steering angle of the front wheels, the yaw rate response of RAS changed dramatically (from 1 to -1.5 rad/s in 0.5 s). The integrated control system can track the yaw rate in a reasonable response depend on the change of δf.
Conversely, the traditional vehicle with the FWS system has a large variation degree, especially the side slip angle. At the time of 2.5 s, the side slip angle of the FWS greatly increases (exceeding 60 deg). The same condition also occurred in the RAS control system at the simulation time of 8 s.
As shown in Figs. 5(e), (f), (h), and (i), the value of the Xregion exceeded 1 at the simulation time periods of t = 2.5 ∼ 3, 3.5 ∼ 4 and 6 ∼ 6.5. The integrated control system provides additional yaw moment to maintain the vehicle posture, which also ensures the stability of vehicles within the periods of 4 ∼ 5.5 and 7.5 ∼ 9, illustrating that the integrated control system distributes the braking force to the unilateral wheels at the previous period stage. As shown in Fig. 5(g) , the integrated control system coordinates the RAS and ESC to control the vehicle.
In the remaining time of the simulation time, especially after 6.5 seconds, the value of Xregion does not exceed 1, always remaining below 0.8. The integrated control system no longer attaches the yaw moment to the vehicle, only relying on adjusting the rear wheel steering angle by integrated control system to maintain the handling stability of the vehicle. However, the rear wheel steer angle of the vehicle equipped with RAS system was saturated many times after 6 s.
B. CLOSED-LOOP SIMULATION TEST ON HIGH µ ROAD
In this maneuver, the vehicle moves with desired speed of 120 km/h on a dry road (µ = 1.0). Combining the vehicle model and the driver model, the double-lane-change (DLC) maneuver experiment is performed [33] , [34] . The same driver model with FWS is considered for comparison.
Figs. 6(b) and (c) show the vehicle with integrated control system can track the ideal yaw rate well, and the deviation errors of the ideal yaw rate are smaller. However, for the FWS vehicle, the degree of fluctuation of the yaw rate is high, even reaching 0.42 rad/s after 6 seconds of the DLC simulation test. Integrated control system vehicles can maintain a small side slip angle, with the maximum value not exceeding 0.05 rad (close to 2.5). By contrast, the side slip angle of the FWS vehicle fluctuates clearly (even exceeding 5 at approximately 6.5 s, changing from −6 to 5 in 7∼8 s). In Figs. 6(f) and (g), the Xregion value of FWS exceeds 1 during the period of 6∼8 s, and the steer wheel angle changed severely, as shown in Fig. 6(e) , causing the FWS vehicle to lose its stability. By contrast, the Xregion of the integrated control vehicle does not exceed 1 during the VOLUME 6, 2018 simulation. In Fig. 6(h) , the δr by integrated control maintained the vehicle driving to be in a stable state. From  Fig. 6(a) , the travel trajectory of FWS vehicle deviates from the desired path, resulting in an accident at the end of DLC test. From the Vx curve of Fig. 6(d) , the integrated control system is found to have a better speed retention ability. 
C. CLOSED-LOOP SIMULATION TEST ON LOW µ ROAD
In this maneuver, the vehicle moves with the desired speed of 100 km/h on a wet road (µ = 0.4) [35] . Comparison of the FWS vehicle with the same driver model is analyzed.
As shown in Fig. 7(b) , the vehicle equipped with integrated control system has good yaw rate response ability and can track the desired yaw rate value well, ensuring the Xregion value is no more than 1. The integrated control system successfully played a role in the completion of doubleline simulation test. The rear wheels steering angle curve changed smoothly, as shown in Fig. 7(g) . At the simulation time from approximately 6.5 to 10 s, the FWS yaw rate response changes severely (more than −0.5 rad/s). The side slip angle decreases sharply (reaching 25) in Fig. 7(c) , and velocity of vehicle also decreases sharply in Fig. 7(d) . The FWS has deviated from the desired DLC path severely, as shown in Fig. 7(a) . From the time of t = 6.5 s, the steering wheel angle continues to increase, indicating that the driver is attempting to correct the body posture of the vehicle, as shown in Fig. 7 (e). After 6.5 seconds, from Fig. 7(f) , the Xregion curve shows that the Xregion value continues to increase and exceeds 1; as a result, the vehicle with FWS loses its stability.
V. CONCLUSION
The proposed integrated control system consists of an RAS and ESC controller. To organize the integration of RAS and ESC, a β-β phase plane method based on the vehicle parameters, side slip angle, and yaw rate was employed. To testify the effectiveness of the proposed integrated control system, a number of simulations were performed based on an 8-DOF nonlinear vehicle model in certain critical maneuvers.
The simulation results demonstrated that the integrated control system has better ability to resist external interference in open-loop test. Compared to the vehicle equipped with simple controller, integrated control system enhances the stability of the vehicle significantly.
In a closed-loop test, integrated control system can also help vehicle to complete the DLC test on both high friction coefficient (µ) and low µ roads. The vehicle with integrated control system not only provides good handling and speed retention ability but also reduces the driver's fatigue effectively. The yaw rate response is closer to the ideal value (the error is within 0.15 rad /s), and the magnitude of the side slip angle is small (maximum value is no more than 2.5).
Under this integrated control mechanism, when the vehicle is in the β-β phase plane stability region, the RAS system is used to enhance the handling stability of the vehicle. When the vehicle is in the β-β phase plane instability region, both the RAS and ESC systems are used to ensure the driving stability of the vehicle.
In conclusion, the proposed integrated control system is a potential method to effectively control the distributed electric vehicle, greatly improve handling stability, and ensure driving safety.
